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multibillion dollar global market. 
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Heat stress (HS) is one of the costli-
est issues in animal production and 
certainly one of the primary hurdles 
to efficient animal agriculture in 
developing countries. Despite ad-
vances in heat abatement systems, 
the warm summer months are still 
a financial burden for the US swine 
industry (> $300 million).1 Heat 
stress-induced economic losses are a 
result of reduced growth, poor sow 
performance, decreased carcass qual-
ity, increased veterinary costs, and 
mortality.1 In addition to elevated 
ambient temperatures, genetic selec-
tion for enhanced protein accretion 
(i.e. leaner phenotypes) results in 
increased basal heat production, 
and this decreases a pig’s thermo-
tolerance.2 Consequently, identifying 
nutritional strategies to alleviate the 
negative impact of HS is of critical 
importance and likely represents a 
multibillion dollar global  market.
The deleterious effects of HS are 
mediated, at least in part, by its ef-
fects on gastrointestinal health and 
function. During HS, blood flow 
is diverted from the viscera to the 
skin in an attempt to dissipate ex-
cess heat.3 Reduced blood flow and 
hyperthermia lead to hypoxia and 
oxidative and nitrosative stress in the 
enterocyte (the epithelial cells lining 
the intestinal mucosa).4 As a result, 
cell membranes and tight junctions 
are damaged, and this leads to an 
increase in intestinal permeability, 
commonly referred to as “leaky 
gut”.5 Due to the “loosening” of 
enterocytes tight junctions, there is 
increased passage of high molecular 
weight substances and pathogens 
from the lumen, including lipopoly-
saccharides (LPS) and other bacterial 
components. This has been demon-
strated repeatedly in rodent models 
and we have confirmed increased 
intestinal permeability and elevated 
plasma LPS in HS pigs.6 The LPS 
and other pathogens cause a local 
and systemic inflammatory response, 
and this almost certainly contributes 
to reduced animal productivity. Tra-
ditionally, it has been assumed that 
the negative effects of elevated ambi-
ent temperatures on performance 
were solely mediated by heat-induced 
reduction in feed intake.7,8 The use 
of a pair-fed thermo-neutral treat-
ment in our studies (which mimics 
the reduction in feed intake of their 
HS counterparts) allows for dif-
ferentiating between the direct and 
indirect (via reduced nutrient intake) 
effects of HS. Using this model, we 
have recently demonstrated that HS 
growing pigs had increased intestinal 
permeability compared to pair-fed 
counterparts, indicating that HS has 
a direct effect on gut  health.6,9
Interestingly, Zn is essential for nor-
mal intestinal barrier function and 
the regeneration of damaged gut epi-
thelium.10 Zinc prevents or improves 
the loss of intestinal integrity in mal-
nutrition,11 chronic inflammatory 
bowel diseases or Crohn’s disease,12 
and infectious diarrhea.10 Zinc’s 
mode of action appears to mainly 
act at the tight junction level. For 
example, in vitro studies indicate that 
Caco-2 cells grown in Zn depleted 
media have decreased amount of 
tight junctions and a compromised 
cytoskeleton.13 Zinc supplemen-
tation prevented the opening of 
junctional complexes in a rat colitis 
model.14 In an ethanol-induced in-
testinal injury rodent model, dietary 
Zn prevented the loss of epithelial 
cells from the ileal villi and decreased 
plasma LPS content.15 Finally, Zn 
supplementation reduced intestinal 
permeability in weaning piglets, 
while increasing the amount and ex-
pression of tight junction proteins.16 
Based upon the aforementioned in 
vitro and in vivo beneficial effects 
of Zn, we hypothesized that supple-
menting Zn amino acid complex 
(ZnAA) to HS growing pigs would 
alleviate/prevent HS negative effects 
on intestinal  health.
In our first experiment, fifty-nine 
crossbred gilts (43 ± 6 kg body 
weight) were assigned to 1 of 3 di-
etary treatments: 1) control (ZnC; 
120 ppm ZnSO4), 2) control + 100 
ppm ZnAA from Availa Zn (Zn220; 
Zinpro Corporation), and 3) control 
+ 200 ppm ZnAA from Availa Zn 
(Zn320). After 25 d on experimental 
diets, pigs were exposed to constant 
HS conditions (36°C, ≈ 50% RH) 
and sacrificed after either 24 h or 7 d. 
Fresh ileum and colon sections were 
isolated immediately following death 
and mounted into modified Ussing 
chambers for intestinal permeability 
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assessment. We observed a quadratic 
response to increasing dietary ZnAA 
in the ileal transepithelial electrical 
resistance (TER), a measurement 
of how “tight” the epithelial junc-
tions are (higher the better). Pigs 
fed Zn220 had increased (P ≤ 0.05; 
57%) resistance compared to con-
trols; however, the protective effect 
of ZnAA on intestinal integrity 
diminished as the dietary Zn dose 
increased (Figure 1). Moreover, 
increasing concentrations of ZnAA 
had a weak quadratic effect on ileal 
permeability on d 7, as Zn220-fed 
pigs had a reduced (P = 0.13; 57%; 
and therefore improved) permeabil-
ity to the fluorescein isothiocyanate-
labeled macromolecule dextran 
(FITC-dextran) compared to the 
rest of the treatments (Figure 2). At 
the colon level, the TER, and FITC-
dextran and FITC-LPS permeability 
were all numerically improved on d 
7 of HS in the Zn320-fed pigs, al-
though statistically  non-significant.
In our second study, thirty two 
crossbred gilts (63.8 ± 2.9 kg body 
weight) were assigned to 1 of 3 di-
etary treatments: 1) thermo-neutral 
control (TN; 120 ppm ZnSO4), 2) 
heat stress control (HS; 120 ppm 
ZnSO4), and 3) heat stress Availa Zn 
(HS-AZn; 60 ppm ZnSO4 + 60 ppm 
ZnAA). After 17 d on experimental 
diets in thermo-neutral conditions, 
both HS and HS-AZn pigs were 
exposed to constant HS conditions 
(37°C, ≈ 40% RH) and sacrificed 
after 12 h. Fresh intestinal sections 
were collected for intestinal perme-
ability assessment. Ileal permeability 
was increased in HS pigs as demon-
strated by increased FITC-dextran 
permeability (P < 0.05; >3 fold; Fig-
ure 3) and decreased TER (P < 0.05; 
31%; Figure 4) compared to TN 
pigs. Feeding ZnAA mitigated the 
effects of HS on intestinal permeabil-
ity as HS-AZn pigs had higher TER 
than the control HS pigs (30.2%; 
Figure 3), and their FITC-dextran 
transport did not differ from either 
TN or HS pigs (Figure  4).
In conclusion, heat stress is one of 
the largest impediments to efficient 
animal production and likely the 
most expensive issue that global ani-
mal agriculture industries face.  
A hallmark of heat-stressed animals 
is a compromised intestinal integrity 
and the subsequent inflammation 
contributing to reduced animal pro-
ductivity. We have now demonstrated 
that feeding Zn amino acid complex 
improved many key aspects of intesti-
nal integrity during both chronic and 
Figure 1: Effects of Availa Zn on ileal transepithelial electrical re-
sistance coefficient in growing pigs exposed to constant heat stress 
conditions (36°C). Statistical model analyzed day  independently.
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Figure 2: Effects of Availa Zn on ileal FITC-Dextran apparent perme-
ability coefficient in growing pigs exposed to constant heat stress 
conditions (36°C). Statistical model analyzed day  independently.
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acute heat stress. Moreover, partially 
substituting Zn requirements with or-
ganic Zn improved body temperature 
indices and blood markers of muscle 
catabolism (data not shown). Zinc 
amino acid complex now represents 
a novel dietary tool and strategy to 
mitigate some of the negative effects 
HS has on the swine  industry.
Figure 3. Effects of thermo-neutral conditions (TN; 21°C), heat stress 
conditions (HS; 37°C), and feeding Availa zinc in heat stress conditions 




















Figure 4. Effects of thermo-neutral conditions (TN; 21°C), heat 
stress conditions (HS; 37°C), and feeding Availa zinc in heat stress 
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